Abstract-We need to solve various mobility/traffic problems in one-dimensional (1-D), two-dimensional (2-D), and threedimensional (3-D) micro or picocell environments to efficiently plan future personal communications services (PCS's). However, mobility/traffic problems have thus far primarily been studied in 1-D and 2-D cell structures.
the case of PCS, turning motions in square-shaped micro or picocell environments may be suggested by considering artificial structures, such as roads lined with buildings and passages between buildings. Kim and Sung [7] suggested a mobility model in 2-D environments by considering turning motions in square-shaped micro or picocell environments. Jun and Cheng [8] proposed mobility and traffic models in three-dimensional (3-D) environments based on Hong and Rappaport's work [3] . However, this model is far from real 3-D environments, especially in up-down (vertical) motions. They simply assumed that up-down motions can occur in any place on the plane. However, it is reasonable that users have up-down (vertical) motions only through the staircase in 3-D indoor environments.
In this paper, we first model mobility in 3-D PCS environments and then obtain the equivalent Engset blocking probability model as a traffic model with mobility in order to determine the number of radio ports (RP's) and the number of channels per RP under the given conditions such as input traffic and mobility. The rest of this paper is organized as follows. A mobility model in 3-D indoor environments is proposed in Section II. In this section, we extend our turning motion model in 2-D environments [7] to that in 3-D environments by including vertical motions in staircase regions. We obtain the mean number of handoffs. In Section III, we propose a blocking probability model with mobility extending Foschini's approach [4] to 3-D PCS environments. We first identify the parameter denoting user mobility and analytically obtain the blocking probability per cell and then verify it by computer simulations. Furthermore, we also determine the number of channels per RP to meet the blocking probability constraint in the given PCS environment. Finally, conclusions are given in Section IV.
II. MOBILITY MODEL
In order to investigate the effects of handoffs in 3-D indoor environments on future networks, we need to model mobility. In this section, we propose an analytical mobility model in 3-D indoor environments to analyze mobility and then obtain the mean number of handoffs.
A. Mobility Model
We define the following parameters in order to describe a mobility model:
horizontal motion speed; vertical motion speed; horizontal direction selection ratio after turn in staircase region; vertical direction selection ratio after turn in staircase region. We simply consider users' motions in the vertically unbounded building for mathematical simplicity and describe users' motions in 3-D environments, compared with the mobility model in [7] . First, there are outer walls, and users cannot move through the outer walls in the building. Second, users in vertical motions change the directions whenever they arrive at the new floor. Third, users have vertical motions only through the staircase in 3-D environments. Finally, users' vertical movements on each floor are the same. However, this assumption is not rather realistic. In reality, users' vertical movements on the first and highest floors are different from those on the remaining floors. We assume a square-shaped cell system although indoor propagation losses related to cell shape are highly dependent on the structure of building as well as the locations and composition of walls within the building. Users' moving behaviors are statistically the same on each floor. We have the following assumptions to model mobility.
1) Users move on the square-shaped floors of a building.
2) Idle and call durations are exponentially distributed with the mean of and , respectively. 3) Horizontal and vertical speeds are uniformly distributed with and , respectively. However, a user moves with the horizontal and/or vertical speed(s) of and/or , respectively, during a call. 4) Each RP has a sufficiently large number of channels to ensure no handoff failures. 5) Users move straight until they change directions, i.e., turn right, left, or back, and then continue to move straight again (Fig. 1 ). 6) A staircase region consists of staircases and passages, and it is located in the center. The remaining region is called the floor region (Fig. 1 ). 7) When users arrive at the outer wall, they go back to the incoming direction without delay. The point at the outer wall is not regarded as a turning point (Fig. 1 ). 8) Direction changes occur according to a Poisson process, and the direction selection ratio at the turning point in horizontal motion is distributed with the ratio of 0.4, 0.2, and 0.4 to the left, back, and right, respectively, as shown in Fig. 2 (a). 9) If the turning point is located in the staircase region and users arrive there, they move horizontally or vertically with a probability of and , respectively. The probability of direction changes is shown in Fig. 
2(b) and (c).
10) The height of portable stations is half of the height of the floor when users walk on the floor. 11) A handoff occurs when a portable station crosses the cell boundary. 12) Users' moving behaviors are statistically the same on each floor. We first consider a simple, but rather impractical, 3-D mobility model in which both horizontal and vertical motions are possible at every turning point. The mean elapsing time between two neighboring turning points of horizontally and vertically moving users are given by and , respectively. The mean ratio between horizontal and vertical motions is given by (1) where and are independent. The mean number of cell crossings per time unit in horizontal and vertical motions are and , respectively. A factor is added to the mean number of handoffs in [7] because there are no cell crossings when users encounter the outer wall during their movements. Combining the above results and assuming is constant), the mean number of cell crossings per time unit is written as (2) Under the assumption that both conversing users and idle users move in similar manners, the mean number of cell crossings per time unit during a call (that is, handoffs per time unit) has the same form as (2) . The mean number of handoffs during a call is as follows:
From now on, we consider a 3-D mobility model in which there are vertical motions in the staircase region only. The staircase region consists of staircases for vertical motions and passages for horizontal motions, and its size is fixed. In steady state, the number of users is in equilibrium vertically and horizontally at the boundary of the staircase region. Therefore, the number of users per area unit in the staircase region is more than that in the floor region. The parameter denotes an increasing factor due to the larger number of users in the staircase region. The mean number of horizontal motion handoffs in 3-D environments is the same as the mean number of handoffs [7] in 2-D environments (4) where and are the areas of a staircase region and a floor region, respectively. It follows that the increasing factor is expressed as (5) The mean number of vertical motion handoffs on one floor is identical to that on the neighboring floor. Users on the floor and the staircase regions take 2-D and 3-D handoffs, respectively. The ratio between users on the floor and staircase regions is to Therefore, we obtain the mean number of handoffs during a call by considering the effect of the increasing factor (6) Note that the mean number of vertical motion handoffs on each floor is identical to that on the neighboring floor.
B. Numerical Results
In order to investigate the effects of various parameters on the mean number of handoffs, we have the following assumptions. call. The horizontal speed is three times faster than the vertical speed. 6) Users have horizontal motions with the mean distance between turning points 10 m in the floor region, while they have vertical or horizontal motions with the vertical distance between turning points 3 m and the mean horizontal distance between turning points 10 m, respectively, in the staircase region. 7) The point at the outer wall is not regarded as a turning point when a user arrives at an outer wall. 8) Users determine the next direction randomly with a probability of (horizontal motion) and (vertical motion) at turning points in the staircase region. 9) The number of cells (RP's) per floor is nine. 10) The mean number of users per floor inside the building is 180. Fig. 3 illustrates the mean number of handoffs versus the vertical direction selection ratio in the staircase region The increase of the ratio of vertical motions yields more handoffs because the mean number of vertical motion handoffs is larger than that of horizontal motion handoffs under the given assumptions. For reference, denotes the maximum speeds of horizontally moving users.
The effect of changing the number of cells per floor on the mean number of handoffs is shown in Fig. 4 . Smaller cells yield more frequent handoffs.
In Fig. 5 , we can see the effect of the mean user speed. Stationary users do not create handoffs, while the mean number of handoffs of moving users increases as their mean speeds increase.
III. TRAFFIC MODEL
It is very important to determine the required number of channels per RP to meet the blocking probability constraint in the implementation of PCS. In this section, we derive a blocking probability model from the mobility model in Section II.
A. Traffic Model
We introduce a new parameter denoting user mobility. It represents the probability that, when a user releases an occupied channel in a cell, it is due to a handoff to another cell. Consequently, is the probability of releasing the occupied channel because the call is completed.
The number of handoffs during a call is expressed as (7) where and are random variables representing the number of cells visited and handoffs during a call, respectively. The mean number of cells visited during a call in nonblocking models is given by (8) Combining (7) and (8) yields (9) From (9), we can see that is obtained by the mean number of handoffs. Applying the conservation principle of call flow, we obtain the mean rate at which users try to generate new and handoff calls in a cell rate in rate out (10) where is the mean rate at which users try to generate new calls in a cell, is the mean rate at which busy users either enter or leave a cell, and denotes the blocking probability or handoff-failure probability because we assume the channel system without priority between a new call and a handoff call. From (8) , the mean dwell time in a cell is given by (12) where and are the mean call duration and service rate, respectively. It follows that the equivalent mean service rate for each cell is expressed as (13) We can solve the equivalent traffic load due to new and handoff calls for each cell as follows: (14) where is the offered traffic load per cell due to new calls.
Since the number of users per indoor cell is generally small, call arrivals per cell depend on the busy users in the cell. By considering this, we now utilize an Engset blocking probability model. The offered load per cell without mobility is given by (15) where and is the per-user new call arrival rate originated from idle users and and are the number of users, busy users, and channels per cell, respectively [10] - [12] . The equivalent offered load per cell with mobility is (16) where and is the equivalent per-user call arrival rate originated from idle users with mobility. For the relation between and , we assume the similar form to (14) in steady state (17) Substituting (14) and (17) into and in (16), we obtain an approximate equation with and Then, we compare the approximate equation with (15) according to varying the parameters such as and We can see that the approximate equation is nearly identical to (15). Finally, we obtain the blocking probability model with mobility by predicting the mean number of users per cell and (18)
B. User Mobility
We need to identify user mobility to obtain the parameter in the blocking probability model with mobility in (18). We here derive user mobility per cell based on the mean number of handoffs in 3-D indoor environments. If the number of RP's per floor is odd, we assume there is a staircase region in the central cell. Otherwise, there is a staircase region in the four central cells, and each cell has a quarter of the staircase region. Therefore, we consider user mobility problem in the following two cases. Fig. 6 (Case I) shows various types of cells and staircase regions in the case that the number of RP's per floor is odd. The type-1 cell has two sides surrounded by outer walls, and thus half of the users arriving at cell sides return without handoffs. This reflects the fact that the factor 0.5 is multiplied by the mean number of 2-D handoffs [7] in computing the number of handoffs.
1) Odd Number of RP's Per Floor:
The probability of releasing an occupied channel due to a call completion in type-1 cells is given by (19) In the case of type-2 cells, one of four sides corresponds to an outer wall and thus the factor 0.75 is multiplied (20) Since there are no outer boundary walls in type-3 cells, is expressed as (21) The type-4 cell shows a central cell including one staircase region without outer walls 
C. Number of Users Per Cell
We need to find the mean number of users per cell to obtain the blocking probability. In 3-D indoor environments, the mean number of users per cell varies according to the number of RP's per floor. The increasing factor due to vertical motions as well as horizontal motions in the staircase region also causes the unbalance of the number of users per cell in the following two cases-odd and even number of RP's per floor. In a cell including the staircase region, is also given by (29)
D. Numerical Results
We now evaluate the blocking probability to examine the effects of the number of channels and mobility following the same assumptions as described in the previous numerical results.
In Fig. 7 , we now compare our proposed blocking probability model with the simulation results in terms of the number of channels per cell. We consider the blocking probability for cell 1 because all four cells belong to the same type cells when the number of RP's (cells) per floor is four, and the ratio of mean call to idle durations of stationary users is 0.2 (100/500 s). The computer simulation results are close to the analytical ones. The blocking probability decreases as the number of channels per RP increases. The required numbers of channels per RP are 13 and 14 to meet the blocking probability constraints 0.02 and 0.01, respectively. Next, we observe the effects of the ratio of mean call to idle durations of stationary users and mobility on blocking probability through our analytical model when the number of RP's is four (Fig. 8) . As the ratio of mean call to idle durations of stationary users increases, the corresponding blocking probability increases. We can observe that mobility causes the decrease of blocking probability. Handoff failures due to mobility reduce the traffic load of mobile users than that of stationary users. We can also confirm this fact in (14). This reduced traffic load due to mobility results in lowering the blocking probability of new calls.
IV. CONCLUSIONS
For efficient network planning, it is essential to analyze the 3-D indoor environments as well as 2-D environments. However, there have been no proper mobility models describing the users' motions in 3-D PCS environments.
We proposed a mobility model in 3-D indoor environments by extending our 2-D model suggested in [7] . We assumed that users move horizontally or vertically in the staircase region and they move horizontally on the floor. We observed the mean number of handoffs in terms of the ratio of vertical direction selection ratio in the staircase regions, any change of user speed, and the number of cells per floor.
We extended the Engset blocking probability model and suggested a blocking probability model with mobility when the blocking probability constraint is given. We first obtained user mobility associated with the mean number of handoffs for each cell and then separately evaluated the blocking probability of each cell because user mobility and the number of users (user density) for each cell depend on cell types. Utilizing the blocking probability model, we can obtain the required number of channels per cell under the given condition. For example, 13 channels per cell are required in the case of four RP's per floor under the requirement that the blocking probability does not exceed 0.02.
The 3-D model combined with the previously proposed 2-D model can be utilized in the design and planning of the integrated personal communication networks of 2-D and 3-D PCS environments.
